Abstract. Epitaxial c-oriented YBCO films laser deposited onto 3 in diameter CeO 2 -buffered sapphire wafers and LaAlO 3 cylinders as well as sputter deposited onto 2 in diameter LaAlO 3 wafers were characterized by integral and spatially resolved measurements of the critical current density j c and the microwave surface resistance R s , by microstructure investigations using optical and electron microscopy and by x-ray diffraction. Epitaxial misorientations of in-plane-rotated as well as of a-axis-oriented grains were found in amounts up to 10%. The in-plane rotation seriously degraded R s while the a orientation mainly lowered j c . Moreover, a degradation of R s and of the microwave power handling could be clearly correlated with the density of microcracks occasionally found in YBCO films on sapphire. Inhomogeneities like a-axis-oriented grains were observed to 'disperse' microcracks, probably in favour of the electrical properties. The impact of further microstructure imperfections on R s , in particular of the typical twin lamellae and their domains, is discussed in view of findings from transmission electron microscopy.
Introduction
During the recent years the performance of planar microwave devices has been considerably improved by using hightemperature superconductor (HTS) thin films. A key issue is the fabrication of HTS thin films of low surface resistance R s and high microwave power handling capability, i.e. flat R s (B s ) up to high microwave field amplitudes B s . Both features have been improved by carefully controlling the stoichiometry and the deposition parameters of c-oriented epitaxial YBa 2 Cu 3 O 7−δ (YBCO) thin films. However, the film properties were optimized rather empirically because it is a difficult task to separate contributions of certain types of defect such as twins, precipitates, misoriented grains, grain and antiphase boundaries and occasional microcracks. These defects are sensitively affected by the stoichiometry and the film growth conditions, and they interact in various ways. Hence microdefect engineering is particularly important as it is difficult.
Until now, correlations between R s and the microstructure have been studied basically by means of x-ray diffraction (XRD) in terms of crystalline perfection, characterized by various orientational spreads, variations of the lattice parameters, and crystallographic phase analysis [1] [2] [3] [4] . To avoid the adverse effect of epitaxial misorientations and corresponding grain boundaries on R s , a well polished and possibly annealed surface was stated as being essential for substrates like r-cut sapphire, LaAlO 3 and MgO [1] . Epitaxial misorientations are well known to occur as a-axis-oriented and in-plane-rotated grains. Enhancing the fraction of a-axis-oriented grains up to 80% in MOCVD films of YBCO grown on LaAlO 3 was correlated with a three fold increase of R s [5] . Grains oriented with the b-axis perpendicular to the film plane were expected [6] and observed [7] to occur less frequently, but a-b twinning of larger 'a-axis-oriented' grains seems probable from our transmission electron microscopy (TEM) results. A much smaller percentage (4%) of in-plane rotation in YBCO films on MgO was reported in an early stage of HTS film preparation to increase R s (4.2 K, 10 GHz) by more than 25-fold [8] . Also, tilt of the c axis and other crystallographic imperfections, revealed from the XRD (005) peak in terms of the FWHM (full width at half maximum, ) of rocking curves and of -2 scans, may influence R s very sensitively: an about ten-fold increase of R s between = 0.2 • and 0.7
• was reported in [1] for pulsed-laser-deposited (PLD) YBCO films on various substrates. A corresponding decrease of the unloaded quality factor of YBCO resonators was stated in [9] . Moreover, R s was observed to decrease by about a factor of 10 as the orthorhombic splitting b − a increased from 4 to 6 × 10 −3 nm in otherwise quite perfect and non-oxygendeficient magnetron-sputtered YBCO films on LaAlO 3 [3] .
Beside XRD, further methods are occasionally used for an overall, non-destructive characterization of the film microstructure. Polarized Raman spectroscopy can be used to determine the degree of in-plane epitaxy [10] . Topographical features are often characterized by AFM and scanning electron microscopy. In this way, larger R s was correlated with enhanced roughness [3] and with increased size of surface outgrowths [10] .
Less is known so far about the relation between microstructure and the nonlinear increase of R s with the amplitude B s of the microwave field [11] . From a general point of view, nonlinear microwave response can be attributed to magnetic effects (basically penetration of Abrikosov and/or Josephson vortices) and microwave heating [12, 13] . Both sources can occur locally at certain defects, or globally across the film area. In order to study the effect of weak links on the nonlinear surface impedance Z s , engineered Josephson junctions incorporated in linear YBCO resonators were investigated by several groups [14] [15] [16] . The junctions caused a well defined steplike increase of R s at microwave current amplitudes exceeding the critical current j c of the junction. R s saturated at the normal resistance of the junction at high currents. However, small-angle grain boundaries could not explain the observed nonlinearities [15] . To better resolve the nature of the nonlinearities, local measurements of the surface impedance Z s = R s + iωµ 0 λ (with λ the penetration depth) and mapping of the shielding properties across a wafer have gained much interest (e.g. [17] ).
Conversely, microdefects cannot be identified at low spatial resolution with any kind of measurement, transport or microstructure. In particular, data obtained with XRD cannot be unambiguously interpreted in terms of certain types of microdefects. For example, a rocking curve or a -2 peak can be affected by local lattice bending and by a spread of the c-axis lattice parameter. Both disturbances can arise at common non-stoichiometry if extra Cu-O planes of microscopic lateral scale, or semicoherent Y 2 O 3 precipitates, are randomly inserted in the YBCO lattice-two features often observed by TEM. The latter method has been applied in relation to R s measurements only rarely until now. The present work describes efforts to close this gap. It includes R s measurements, spatially resolved across wafers of 3 in diameter or integrally as a function of temperature and microwave power, in conjunction with XRD, TEM and other microscopic studies.
Experiment
Large-area pulsed laser deposition (PLD) was used to cover as-received 3 in r-cut sapphire substrates with 40 nm thick CeO 2 buffer layers and (250-350) nm thick YBCO films subsequently on both sides [18] . Also, YBCO targets doped with 4 to 7% Ag were used to improve the crystalline perfection and the smoothness of the films [19] . In addition, LaAlO 3 single-crystal cylinders for dielectric resonator applications were covered by PLD with epitaxial YBCO films on both opposite cube-indexed (100) faces. Planar dc sputtering at high oxygen pressure from a stoichiometric target was used to cover 2 in LaAlO 3 wafers with (350-450) nm thick YBCO films on one or both sides [20, 21] .
Mapping of the critical current density j c across the 3 in wafers was performed at about 6 mm resolution by using induction coils [22] . The surface resistance R s was measured in the centre of the wafers at 8.5 GHz and 77 K with a Cu-shielded sapphire resonator (the diameter of the sapphire was 16 mm) [23] at 19 GHz and various temperatures with a Nb-shielded sapphire resonator (diameter 7 mm) [24] or by scanning the YBCO films under the beam (focused to few mm diameter) of a Fabry-Pérot resonator at 145 GHz and 75 K [25] .
The microstructure of the films was investigated by XRD using a Philips X'Pert four-circle diffractometer, by thorough optical inspection and by electron microscopy (TEM at 200 and 400 kV as well as large-area SEM). Specimens for planview TEM and cross-sectional TEM (XTEM) were prepared by standard techniques including ion beam milling.
Results and discussion
Basic features of the microstructure which have proven to be independent of the substrate material and the film deposition technique will be considered first, in section 3.1. Their impact on the electromagnetic transport properties is analysed in detail in section 3.2.
3.1. Basic features of the microstructure 3.1.1. Growth spirals. During our studies, no general correlation could be observed between the growth spirals, which are well known from scanning-probe imaging of surfaces, and the various dislocations or grain and antiphase boundaries within the film. Plan-view TEM and XTEM did not reveal any growth spirals of c-height steps. However, XTEM sometimes revealed much larger terrace steps connected to small-angle grain boundaries, formed in exceptional cases of rough CeO 2 buffer layers.
Twin domains.
The typical twinning of c-oriented YBCO films yields closely spaced twin planes which are by far the most abundant type of planar boundary, separating these films into twin lamellae. Depending on their configuration, the twin planes are widely accepted to affect flux pinning in an anisotropic way. Effects on the surface impedance were rarely studied, apparently because TEM is necessary to visualize the individual twins in thin films.
The twin configuration is basically determined by the epitaxial relationship. While unidirectional twinning has been stated on particular substrates, e.g. NdGaO 3 (100) [26] , the {110} type twin planes usually occur bidirectionally in two sets perpendicular to each other, as shown in figure 1. The TEM contrast, which is very sensitive to the local lattice orientation, varies locally due to slight bending of the thinfoil specimen. While the mean spacing of the parallel twin boundaries, i.e. the mean width of a twin lamella, is basically controlled by the film thickness [27] , the mean length of the twins and thus the lateral extension of a single set of uniform twin direction-referred to as a domain below-can vary considerably. In figure 1 , the domains are extended more than 1 µm, containing some tens of twins. Often smaller domains well below 1 µm were observed. The larger domains-but not the twin lamellae-can be visualized in an optical microscope using transmitted polarized light as shown in figures 2(a) and 2(b). Both pictures were taken from the same specimen area but they differ by the polarization plane P, which was always parallel to one set of twins. Thus the domains appear as regions of uniform contrast, either bright or dark, and complementary to each other in (a) and (b). Both kinds of domain should occur with equal probability, but occasional deviations were observed so that the largerarea domains revealed some long-range connectivity. (The bright lines running straight along both 100 directions are microcracks to be discussed below. The small black dots result from the typical outgrowth of coarse precipitates.)
It should be pointed out that the boundary of a domain, where a given set of parallel twins merges twin planes perpendicular to it, represents a specific inhomogeneity. This boundary often reveals spatially alternating twin and twist character if the ends of the twin lamellae are alternately tapered as indicated in figure 1 by the arrows. While the boundary is of the common twin type between the tapered ends, the latter form a low-angle (about 0.9
• ) twist boundary [28] . This local twist within the film plane is the source of a strain field surrounding the tapered ends. Such strain is visible in figure 1 in those areas (on top) which are occasionally oriented close to the Bragg position of electron diffraction. In principle, local strain fields, similar to dislocations, can favour oxygen redistribution. Therefore they must be expected to alter the electronic properties in a subtle way.
The overall effect of the domain boundaries on j c and Z s is unknown, but it should increase with the total length of these boundaries in a given area, i.e. with decreasing domain size. This size, as well as irregularities due to frustration of the twin planes from the {110} planes, depend on the temperature-pressure path during oxygenation for a given substrate [29] . The resulting microstructure is subject to mechanical constraints, because twinning occurs for reasons of macroscopic strain relief during the tetragonalto-orthorhombic (t-o) phase transition. The constraint due to the substrate depends on the critical shear stress of the interface [29] and on the behaviour of misfit dislocations. A further constraint is imposed by the oxygenation where, in addition to the gradual change of the lattice parameters, oxygen can enter the twin planes, resulting in a displacement, in the simplest case up to one lattice step d 110 [28] . Taking d 110 = 0.27 nm per twin width of typically 50 nm, a considerable strain of 0.5% results. Further mechanisms include the kinetics of nucleation and growth of the twins and their domains. Higher temperatures and larger film thicknesses are known to favour larger twin lengths or domain sizes [29] . Similar effects might be expected from lowering the cooling rate. In general, alterations of the twin configuration should be possible by varying the temperature and oxygenation path within a region near the t-o phase transition. No corresponding systematic studies of the twin pattern are known. However, enhanced microwave losses were stated to be correlated with a reduced mean orthorhombicity, as measured by XRD but not explained in detail [3] . Thus the twin and domain boundaries should be explored more in detail since these defects are known as the most abundant ones which locally suppress the orthorhombicity. Moreover, modelling of R s data for bulk as well as thin-film YBCO indicated that the surface resistance might be affected by twins in terms of weak Josephson coupling [30] .
3.1.3. In-plane rotated grains. Among the epitaxial misorientations, preferred in-plane rotations of 45 and 9
• twist angles were occasionally observed by XRD -scans and identified by plan-view TEM as grains with a lateral size in the µm range. An example is shown in figure 3 , where the grain is evident from the rotated twin pattern at a twist angle of about 15
• . The grain boundary is not perpendicular but inclined to the film plane as indicated by weak contrast fringes along the boundary. Hence the microstructure of the boundary, which likely affects the transport properties, is not determined by the rotation angle only but also by the direction and the inclination of the boundary. However, in-planerotated grains were not observed as major imperfections.
a-axis-oriented grains.
In contrast to in-plane rotations, a-axis-oriented grains are known as the most common epitaxial misorientation in c-oriented films. They are able to degrade j c and R s for at least two reasons, i.e. due to the presence of their grain boundaries and due to the anisotropy of the bulk of the grain where the highly resistive c-direction impedes components of the current. In the present study, they were often but not always found in films on all types of substrate. The volume fraction of these grains, routinely estimated from XRD -scans, rarely exceeded 10%. TEM has shown that this fraction can be distributed inhomogeneously in two ways, laterally as well as in depth.
Plan-view TEM revealed a tendency of the grains to interconnect laterally, thus forming groups as shown previously [31] . A particular example is shown in figure 4 where three a-axis-oriented grains join, two along the usual azimuthal 100 directions but one along the 45
• rotated 110 direction. The latter grains apparently nucleate in a specific way since they were rarely found, typically in YBCO on LaAlO 3 , and were always connected to a usual 100 oriented grain. In general, any kind of agglomeration leads to more extended grain boundaries which are expected to degrade the surface impedance.
XTEM and XRD investigations confirmed that a-axisoriented grains preferentially form as the films grow thicker (e.g. [7] ). Examples are marked by 'A' in figure 5. Possible nucleation sites of such grains are indicated by arrows, the lower one pointing to an isolated nucleus. However, it is a matter of statistics whether the TEM cross-section hits the true nucleation site of a grain. The cross-sectional morphology of a-axis-oriented grains ranges between wedgeshaped and platelike. Both features are seen at the right grain in figure 5 . It illustrates that the grain morphology depends very sensitively on the competing local growth rates: the left boundary inclined by nearly 45
• indicates almost equal growth rates of the film thickness and of the grain width. (Even faulty growth planes form simultaneously in the grain and in the adjacent matrix.) The right boundary is nearly vertical. This is expected to happen if the lateral grain growth is impeded by outgrowth of the grain at the surface. As a main result, the fraction of a orientation is often much larger in the upper region of the film than near the substrate. The surface impedance could correspondingly differ between the upper and the lower film sides. Such an asymmetry had to be taken into account in the design of microwave devices.
Microcracks.
Microcracks are defects which affect R s , λ and j c most seriously. They were found in YBCO films on sapphire in unfavourable cases. Thin films can form microcracks by thermal shrinkage during cooling from the deposition temperature more easily, the more the thermal expansion coefficient of the film exceeds that of the substrate, and the thicker the film is. Cracking occurs above a critical film thickness, theoretically given as t c = 0.5(K f /σ ) 2 , where σ is the strain and K f the fracture toughness of the film [32] . As in case of compact materials, defects are able to enhance or to lower the fracture toughness. This behaviour very likely explains the observed scatter of t c of YBCO films on a given substrate. Similarly, defects can seriously affect the morphology of microcracking. The most typical findings will be illustrated below.
In c-oriented films the microcracks run along 100 type lattice planes perpendicular to the film, unless the cracks are deflected by coarse heterogeneities of size comparable to the film thickness. Crack lengths up to some 100 µm have been observed by optical microscopy using polarized light [33] . Examples are seen in figure 2 as the bright, straight lines along {100} directions. The twins neither affect microcracks nor do transversing cracks alter the twin configuration, an observation confirmed in detail by TEM [33] . It can be concluded that the cracks form after twinning, i.e. below the temperature of the t-o phase transition. Among the coarse heterogeneities which affect cracking, a-axis-oriented grains are efficient as shown in figure 6 . The a-axis-oriented grains 1, 2, 3, 4 and 5, 6, 7, which extend along [100] and [010], respectively, are partly separated by microcracks (bright lines). Grain boundary cracking was observed at grains 2, 4, 5, 6, but the grains 1 and 5 also cracked internally. This occurs easily along the c planes of the grains (No 5) but also cracks perpendicular to these planes were found (No 1). As a net result, a variety of very short cracks, invisible optically or even by SEM, appear instead of long, straight microcracks. In this sense a-axis-oriented grains are able to 'disperse' microcracks (i.e. to give rise to a lot of faint cracks instead of a smaller number of larger cracks). As a consequence, the percolation of supercurrents is altered, which might be favourable since bridges occur, e.g. in figure 6 from grain 5 to grains 1 and 3. In contrast, narrow crack tips may act as Josephson junctions. Hence it is difficult to predict how the 'dispersion' of microcracks could affect the transport properties. 3.1.6. Defects due to off-stoichiometry. Deviations of the cation stoichiometry off the 1:2:3 composition are well known to affect the microstructure and the morphology of YBCO films [34] [35] [36] . Studies of the relationship between the cation stoichiometry and the surface impedance of coevaporated YBCO films indicated that oxygen stoichiometry and ordering were a major source of microwave losses rather than the morphology itself.
Semicoherent fine Y 2 O 3 precipitates are a well known result of excess Y or of Y segregation at the film surface during growth [35, 36] . These precipitates were frequently observed in both PLD and sputtered films and are visible, e.g. in figure 3 , as dots of some 10 nm size. A statistic evaluation of this type of defect was not performed in the present study since it should affect predominantly flux pinning and thus j c [36] , rather than R s .
Cu-rich coarse outgrowths at the film surface were preferentially observed on the PLD films, visible in figure 2 as the small black dots. A statistical evaluation [10] revealed an increasing average size of these precipitates with increasing R s , probably related to a locally enhanced penetration depth. In addition, clusters of smaller defects around coarse precipitates were observed by TEM, and compositional changes within this region have to be taken into account. Cu excess is well known (see e.g. [6] ) to form extra CuO planes within the YBCO 1:2:3 lattice, thus locally forming the 1:2:4 phase or more complex compositions. XTEM revealed more or less randomly inserted extra planes of different lateral extension. The sputtered film shown in figure 5 has an upper region with individual, extended planes labelled 'e' at their edges. In the lower region near the substrate, however, a high density of apparently less extended, non-stoichiometric planes yields a corrugated lattice image. Similar corrugation was observed also in layers farther away from the substrate of sputtered films. In case of PLD samples corrugations were found more frequently across the whole thickness of the films. This kind of inhomogeneity probably results from fluctuations of the deposition parameters. As long as the stoichiometry deviations are confined to planes parallel to the flow of the supercurrent, the current should be hardly affected. However, depth-dependent deviations off the 1:2:3 stoichiometry are expected to enhance the microwave penetration depth and thus the losses. 
Measurements
3.2.1. YBCO on 3 in sapphire wafers. Upon fabrication of several hundred YBCO films pulsed laser deposited onto 3 in r-cut CeO 2 -buffered sapphire, good uniformity of film thickness (within 5%) and j c across the wafer area has been achieved. The scatter of j c and R s data between various wafers-observed during optimization of the deposition parameters-was found to correlate mainly with two features of the microstructure: microcracking and a-axis growth. To quantify the effect of microcracks, the ratio l/d of the mean crack length l to the mean crack distance d was used as a 'crack density' for estimating possible current percolations. For l/d > 1, the cracks interconnect as a network which seriously impedes the current. For l/d < 1, percolation along current paths between the cracks remains possible. Figure 7 summarizes results on the field dependent surface resistance obtained with 16 films. As shown in figure 7(a) , R s is weakly affected by microcracks at l/d < 0.3 but is enhanced near l/d = 1, in accordance with the percolation model. However, the nonlinear microwave response degraded already at much lower microcrack densities ( figure 7(b) ). The field amplitude B s required for a 20% increase of R s above its low-field value decreased strongly with increasing l/d, even at the lowest microcrack density. This result presently belongs to the most pronounced correlations between surface impedance and microstructure of YBCO films ever observed.
The presence of a-axis-oriented grains was found to lower j c , as shown in figure 8 . Furthermore, the critical current density j c was stated to anticorrelate with R s in many cases [9, 37] . However, an enhancement of R s due to a-axisoriented grains was not evident in the present study, probably due to other sources of microwave losses which varied from wafer to wafer.
In order to exclude the scatter of parameters between different wafers, variations of transport properties and microstructure were studied in more detail on-chip across the 3 in area of a given wafer. Such variations occurred mainly along the radial direction since the wafers were rotated during PLD. Radial steps of 6.6 mm distance and averages over at least three azimuths at each radius were used to monitor j c and R s , taken from maps as explained in section 2. The microcrack density l/d was determined optically, and the fraction of a orientation was taken from the area of the respective {012} peaks in XRD scans. The most informative results of ten films are shown in figure 9 . In the best case ( figure 9(a) ), the high critical current density j c = 3.5 MA cm −2 and the low surface resistance R s (145 GHz, 75 K) = 75 m are very uniform across the wafer area, and neither cracks nor a-axis-oriented or in-planerotated grains were detected. In the other samples, however, microcracks were found. If microcracks occurred, their density l/d often reached a maximum near r = 20-25 mm, while it vanished near the rim of the wafer (e.g. figure 9(b) ). As expected, j c and R s are degraded around the maximum l/d. A more unusual case where the crack density was largest in the centre is shown in figure 9(c) . Surprisingly, j c is very high and uniform. Hence, microcracks are not necessarily deleterious to the critical current density, since they might act at the same time as pinning centres. In contrast to the uniform j c , R s increases at lower crack densities, up to r = 25 mm. This result indicates that further loss mechanisms need to be considered. There should be no effect of the a-axis oriented grains, since lower R s is observed in figure 9 (b) at a much higher a fraction. The XRD (005) rocking curve of this sample revealed a relatively large FWHM of 0.7
• which was reported to anticorrelate with R s [9] . However, the film contained large outgrowths, up to 1 µm in size, which are supposed to enhance R s [10] . Further studies are required to explain our observation, and to investigate further types of defect like twins and precipitates. 3 . Since microcracks were never observed in YBCO films on LaAlO 3 substrates, other sources of high R s values can be studied more easily with this substrate material. The investigated LAO substrates were cylinders of 16 mm diameter ×8 mm height and 2 in wafers.
YBCO on LaAlO
The faces of the cylinders were sequentially covered by PLD with YBCO without extended optimization procedures, hence misoriented grains occurred frequently. The data in table 1 were obtained from one cylinder, the faces 1 and 2 of which differ by a large fraction of in-plane-rotated and a-axis-oriented grains. Evidently R s was enhanced on the side of 10% in-plane rotation, while j c was remarkably reduced on the side of the large a-axis-oriented fraction. This observation agrees with literature [5] and with the results in figures 8 and 9. 3 wafers. The fractions of a orientation, inplane rotation and the spread of c-axis tilt were determined by XRD ϕ-scans and rocking curves, respectively. The ϕ scan of sample 2 is shown in detail in figure 10 . It exhibits in-plane rotations of 3.4 and 45
• , a orientations along the 100 and 110 directions, and splitting of the main peaks due to twinning. (The TEM pictures of figures 1 and 3 were taken from this film.) The surface resistance was measured at 4.2 K for increasing field B s (given in mT), with R s (10 mT) considered to quantify the degree of nonlinearity. At the highest achieved field levels, a field breakdown (quench) occurred at moderate values B q . This behaviour is indicative of local defects [23] . Indeed, features of local melting were optically observed in microscopic regions of a few µm size. However, the main part of the films remained superconductive after quenching, as indicated in table 2 by the R q (0 mT) values. As evident from the listed data, the nonlinear response in terms of R s (10 mT) and R q (0 mT) was worst in the case of film 2, which displayed a significant inplane rotational fraction. (According to the previous findings, the fraction of a orientation mainly degraded j c . Additional information came from morphological differences of the samples. In case of sample 2, the a-axis-oriented grains were platelike and strongly protruding from the film surface. Usually such grains were wedge shaped as seen in figure 5 .) The crystalline perfection in terms of the FWHM of XRD rocking curves has to be considered with care in the case of LaAlO 3 substrates, because the twins of this material can contribute significantly. High-resolution XRD rocking curves of bare LaAlO 3 substrates revealed peaks separated by up to 0.2
• (doublets and triplets) as well as single peaks as narrow as 0.03
• , depending on the particular region across a 2 in substrate. The rocking curves taken from 005 reflections of the YBCO films had similar peak shapes with widths enlarged only slightly as listed in table 2, where the lowest FWHM is 0.1
• and the largest 0.27 • , the latter probably attributed to a double peak. The crystalline perfection became also evident from the TEM cross-sections as shown in figure 5.
Conclusions
It could be confirmed that microdefect engineering of epitaxial c-oriented YBCO films remains challenging, including a careful control of the substrate surface, the growth conditions, and the stoichiometry-i.e. of those factors affecting microdefects, their interactions and their combined impact on the electrical properties. A detailed study of microstructure features compared with measurements of j c , R s (also spatially resolved across 3 in wafers) and of the microwave power dependence of R s has revealed some typical correlations:
• Epitaxial misorientations such as in-plane-rotated and a-axis-oriented grains basically degraded j c and R s since they introduce grain boundaries and unfavourable local lattice orientations. While in-plane rotational misorientation (found up to 10%) enhanced R s and its nonlinear response, the a-axis-oriented grains (also found up to 10%) rather deteriorated j c .
• Microcracks occasionally observed in YBCO films on 3 in sapphire substrates can seriously degrade j c , R s and the microwave field dependence of R s if the microcracks are sufficiently close to form a network, i.e. if the mean crack length exceeds the mean crack distance.
• Further imperfections such as twins, surface roughness, precipitates and other stoichiometric imperfections are also known to affect j c and to some extent R s . In the present study, TEM was used to visualize twins as the most abundant kind of imperfection which is known to be associated with the overall orthorhombicity and, possibly, with the microwave properties.
Moreover, TEM revealed features differing between the top and the bottom of any film: the fraction of a-axis-oriented grains increases during growth from bottom to top, and extra CuO planes can be distributed heterogeneously across the film thickness. A complex behaviour results from interactions of various defects: it was has shown that the a-axis-oriented grains are able to split or 'disperse' microcracks occasionally observed. It follows that the critical film thickness of microcracking is generally affected by certain heterogeneities. Also, the configuration of the twin boundaries was observed to be corrugated by very fine precipitates, typically of Y 2 O 3 .
To establish further correlations, sensitive microwave measurements with spatial resolution and careful handling of the films are required to resolve the microscopic as well as macroscopic sources of the high surface resistance of HTS and its pronounced field dependence.
